The Epstein-Barr virus (EBV) immediate-early protein BZLF1 (Z) mediates the switch between latent and lytic EBV infection. Z not only activates early lytic viral gene transcription but also plays a direct role in lytic viral genome replication. Although a small fraction of Z is known to be sumoylated, the effects of this posttranslational modification on various different Z functions have not been well defined. In this report, we show that only the lysine at amino acid residue 12 is required for the sumoylation of Z, and that Z can be sumoylated by SUMO isoforms 1, 2, and 3. We also demonstrate that the sumo-defective Z mutants ZK12A and ZK12R have enhanced transcriptional activity. The sumoylated and nonsumoylated forms of Z were found to have a similar cellular location, both being localized primarily within the nuclear matrix. The Z sumo-defective mutants were, however, partially defective for disrupting promyelocytic leukemia (PML) bodies compared to the ability of wild-type Z. In addition, we show that lytic viral genome replication does not require the sumoylation of Z, although a Z mutant altered at both amino acids 12 and 13 is replication defective. Furthermore, we show that the sumoylation of Z is greatly increased (from less than 1 to about 11%) in lytically induced 293 cells infected with an EBV mutant virus deleted for the EBV-encoded protein kinase (EBV-PK) compared to that of 293 cells infected with wild-type EBV, and that the overexpression of EBV-PK leads to the reduced sumoylation of Z in EBV-negative cells. Our results suggest that the sumoylation of Z helps to promote viral latency, and that EBV-PK inhibits Z sumoylation during viral reactivation.
Epstein-Barr virus (EBV) is a human herpesvirus that causes infectious mononucleosis and is associated with a variety of cancers, including endemic Burkitt's lymphoma and Hodgkin's lymphoma, as well as certain epithelial cell cancers such as nasopharyngeal carcinoma (64, 78) . Like all herpesviruses, EBV can infect cells in either latent or lytic forms. The EBV infection of oropharyngeal epithelial cells results in the lytic form of viral replication, while the EBV infection of B cells usually results in the establishment of viral latency (64) . In healthy humans, life-long latent EBV infection persists in memory B cells, and the virus is reactivated to the lytic form during plasma cell differentiation (47) . The lytic form of viral infection results in the production of infectious viral particles and allows for the virus to be transmitted from cell to cell and host to host (64) .
The switch between the latent and lytic forms of EBV infection is mediated by the two EBV immediate-early proteins, BZLF1 and BRLF1 (15, 17, 46, 70, 74) . Both BZLF1 (Z) and BRLF1 (R) function as transcriptional activators and are important for transactivating each other's promoters as well as activating early lytic gene expression (3, 15, 16, 18, 26, 34, 37, 45, 51, 62, 65, 74) . The BZLF1 protein (Z; also called ZEBRA, Zta, and EB1) is a bZIP protein that binds to and transcriptionally activates promoters containing BZLF1-responsive elements (ZREs) (13, 25, 28, 29, 50) . Z preferentially binds to and activates the methylated forms of certain cellular and viral promoters, including the BRLF1 promoter, that have CpGcontaining ZREs (8, 9, 21, 39, 44) , thus promoting the efficient reactivation of lytic viral gene transcription even when the viral genome is methylated. In addition to activating lytic viral gene transcription, Z also binds directly to the EBV OriLyt origin of replication and is required for viral replication (36, 67, 68) . Z function in viral replication can be separated from its role in transcriptional activation, since certain transcriptionally competent mutants are unable to mediate lytic viral genome replication (22, 55) . Z directly interacts with several EBV replication proteins, and these interactions likely are important for lytic viral genome replication (49, 76) .
Recently, a number of different lytic herpesvirus proteins, including the EBV Z and R proteins, the human cytomegalovirus (HCMV) immediate-early proteins IE1 and IE2, and the Kaposi's sarcoma-associated herpesvirus (KSHV) K-bZIP protein, have been shown to be covalently modified by small ubiquitin-like modifier (SUMO) proteins during viral infection (2, 4, 12, 40, 42, 57) . SUMO is covalently attached to many cellular and viral proteins and functions to regulate a variety of cellular processes, including transcriptional gene regulation, protein localization, cell cycle regulation, and protein-protein interactions (30) . The sumoylation of transcriptional regulatory proteins often leads to their functioning as repressors (30) . For example, the sumoylation of the KSHV K-bZIP protein (a homologue of BZLF1) results in the repression of viral gene expression (42) . Nevertheless, in some cases, sumoylation is associated with enhanced transcriptional activity. For example, the sumoylation of the human cytomegalovirus IE1 and IE2 proteins is required for their ability to activate the transcription of lytic viral early genes (4, 40, 48, 60) . The effect of sumoylation on the function of the EBV R protein remains unclear, since one group reported that sumoylation enhances R transcriptional function (12) while another group reported that it decreases R function (10).
While we previously showed that the Z protein can be sumoylated on lysine residue 12 (2), the effect(s) of Z sumoylation on its transcriptional and replication functions remains unclear. Although a previous paper reported that the overexpression of SUMO-1 decreases the ability of Z to activate a subset of early lytic viral promoters in reporter gene assays (including the early lytic BMRF1 promoter), the same study found that SUMO-1 enhances the ability of Z to induce BMRF1 expression from the endogenous viral genome (1). Furthermore, it was not clear in this study whether the effect of SUMO-1 overexpression was mediated though enhanced Z sumoylation per se or the enhanced sumoylation of other viral or cellular proteins.
The effect of Z sumoylation on its replication function also is unknown. A Z mutant altered at both residues 12 and 13 previously was reported to be transcriptionally competent but defective for supporting the replication of an EBV oriLytcontaining plasmid (66) , suggesting the possibility that Z sumoylation actually is required for its replication function. Nevertheless, the phenotype of a Z K12 mutant has not yet been reported in the context of the intact viral genome. Thus, the transcriptional and replication effects of Z sumoylation remain poorly defined.
Z also has been shown to be posttranslationally modified by phosphorylation in vivo at amino acid residues threonine 14, serine 167, serine 173, and serine 186, along with minor phosphorylation at amino acid residues 6, 7, and 8 (23) . In addition, Z has been reported to interact with, and become phosphorylated at, amino acid residue 209 by the EBV BGLF4-encoded protein kinase (EBV-PK) (6), suggesting that EBV-PK plays a role in regulating Z function. Interestingly, the KSHV-encoded protein kinase (a homologue of EBV-PK) not only binds to and phosphorylates the KSHV K-bZIP protein (a homologue of Z) but also reduces K-bZIP sumoylation (43) . However, whether EBV-PK likewise affects Z sumoylation has not been studied.
In this study, we have examined the role(s) of Z sumoylation with regard to its transcriptional and replication functions and determined if EBV-PK modulates Z sumoylation. We show that the sumoylation of lysine 12 inhibits Z transcriptional activity and is not required for Z-mediated viral replication in the context of the intact viral genome. We also show that Z can be sumoylated by SUMO-2 and SUMO-3 as well as SUMO-1, and that the subnuclear localization of Z (which is largely associated with the nuclear matrix) is not significantly altered by sumoylation. Finally, we demonstrate that the presence of EBV-PK decreases the extent of Z sumoylation via a mechanism that does not require Z serine residue 209, the site reported to be phosphorylated by EBV-PK. These results suggest that Z sumoylation promotes the establishment of viral latency, and that EBV-PK helps to reverse Z sumoylation during viral reactivation.
pSP65-PKreg. Site-directed mutagenesis was performed on pSP65-PKreg to mutate the ATG translation start codon to a TGA translation stop codon (BGLF4STOP-A-S, 5Ј-CTCGAGCCATTTGAGGAACTGAGATGTGAATA  TGGCTGCGGAG-3Ј; BGLF4STOP-A-AS, 5Ј-CTCCGCAGCCATATTCACA  TCTCAGTTCCTCAAATGGCTCGAG-3Ј) according to the manufacturer's protocol (Stratagene). A second translation stop codon mutation also was introduced, changing the fifth amino acid residue from a methionine to a stop codon, using site-directed mutagenesis (BGLF4STOP-B-S, 5Ј-GAGGAACTGAGATG TGAATTGAGCTGCGGAGTTGAGCCCGAC-3Ј; BGLF4STOP-B-AS, 5Ј-GT CGGGCTCAACTCCGCAGCTCAATTCACATCTCAGTTCCTC-3Ј). The mutated PK open reading frame was cut out of pSP65 using BamHI and XbaI restriction enzymes and ligated into the shuttle vector pGS284 digested with BglII and NheI to yield pGS284-PKStop. pGS284-PKStop in S17pir E. coli was conjugated with the wild-type EBV bacmid p2089 in GS500 E. coli. Cointegrates were selected in LB containing carbenicillin and chloramphenicol. Cultures then were recovered in LB containing chloramphenicol only and plated on LB agar plates containing 5% sucrose and chloramphenicol. Colonies were screened by PCR using oligonucleotides to detect mutated DNA sequence (BGLF4STOP-DET, 5Ј-GAGCCATTTGAGGAACTGA-3Ј; BGLF4-122904, 5Ј-GCGGATCC CTTTAGCCGCACATCCAGCATCTT-3Ј). Colonies containing the correct mutations were further screened by the DNA sequencing of the PK region and restriction enzyme analysis comparing the PKStop bacmid with wild-type bacmid DNA by independent digestions with BamHI-, HindIII-, SalI-, and EcoRI-independent digests.
Generation of EBV latent cell lines. Wild-type and PKStop bacmid DNAs were transfected in parallel into 293 cells using Lipofectamine 2000 reagent (Invitrogen) to generate wild-type EBV (EBV-WT) and EBV-PKmut cell lines. Latently infected stable cell clones were isolated individually, selected in hygromycin (100 g/ml), and screened for the ability to produce infectious virus following transfection with BZLF1 and PK expression vectors.
DNA transfection. DNA was transfected into 293 cells using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's protocol. HeLa cells were transfected with DNA using Fugene 6 reagent (Roche) according to the manufacturer's protocol.
Immunoblotting. Immunoblotting was performed as previously described (2, 8) . Cell lysates were harvested in SUMO buffer containing protease inhibitor cocktail (Roche) and quantified by the SUMO protein assay (Bio-Rad). Equivalent amounts of protein were separated in sodium dodecyl sulfate, 10% polyacrylamide gels and transferred to membranes. Membranes were blocked in phosphate-buffered saline (PBS) containing 5% milk and 0.1% Tween 20 solution and incubated with primary antibody. Dilutions of primary antibodies were as follows: 1:250 anti-EAD (BMRF1; Vector), 1:250 anti-BRLF1 (Argene), 1:250 anti-ZEBRA (BZ-1; sc-53904; Santa Cruz), 1:500 anti-c-myc (Santa Cruz), 1:500 anti-hemagglutinin (HA) (Santa Cruz), 1:5,000 anti-␤-actin (Sigma), 1:2,000 anti-tubulin (Sigma), 1:200 anti-lamin B (Santa Cruz), 1:2,000 anti-FLAG (Sigma), and 1:1,500 anti-histone H3 (35), a gift from Jeff Ross. Following primary antibody incubation, membranes were washed in PBS containing 0.1% Tween 20 (PBST) and incubated in the appropriate horseradish peroxidase secondary antibody (Thermo Scientific) at a 1:10,000 dilution. Membranes then were washed with PBST and visualized by ECL treatment (Pierce) and exposure to film. The quantitation of immunoblots was performed using Adobe Photoshop. The mean and pixel counts for each band were multiplied and background signal subtracted from the measurements to yield the absolute intensity. The absolute intensity then was used to calculate the percentage of sumoylated Z for Fig. 9 .
CAT assays. Chloramphenicol acetyltransferase (CAT) assays were performed as previously described (33) . HeLa cells were transfected with the indicated expression vectors and harvested in reporter lysis buffer (Promega) 48 h following transfection. Lysates were incubated with acetyl-coenzyme A and [ 14 C]chloramphenicol, and acetyltransferase activity was determined following thin-layer chromatography. Activity was quantified on a Storm 840 phosphorimager (Molecular Dynamics).
Virus titration assay. Virus titration assays were performed as previously described (41) . Supernatant from 293 EBV-infected cells was harvested 72 h posttransfection with BZLF1 and BALF4 expression vectors and filtered through a 0.8-m-pore-size filter. Raji cells (2 ϫ 10 5 cells/infection) were infected with various amounts of virus and incubated at 37°C. Phorbol-12-myristate-13-acetate (TPA; 20 ng/ml) and sodium butyrate (3 mM final concentration) were added 24 h after infection. Green fluorescent protein-positive Raji cells were counted 48 h postinfection to determine viral titers. Subcellular fractionation assay. Cellular fractionation was performed as previously described (61, 63) . HeLa cells were transfected with the appropriate expression vectors and harvested 48 h posttransfection. Cells were washed with PBS, scraped off the dish, and lysed in CSKT buffer [10 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES), pH 6.8; 100 mM NaCl; 300 mM sucrose; 3 mM MgCl 2 ; 1 mM EGTA; 1 mM dithiothreitol; 0.5% Triton X-100; and protease inhibitor cocktail; from Roche Molecular Diagnostics]. After a 5-min incubation, the lysed cells were centrifuged for 3 min at 7,500 rpm, and the supernatant was saved as the soluble fraction. The pellet was washed with CSK buffer (CSKT without Triton X-100) and resuspended in CSK buffer containing DNase I. The sample then was incubated for 2 h at 37°C, and CSK buffer containing (NH 4 ) 2 SO 4 was added to a final concentration of 0.25 M. Following a 5-min incubation at 4°C, the sample was centrifuged at 7,500 rpm for 3 min, and the supernatant was saved as the chromatin fraction. The remaining pellet then was suspended in CSK buffer containing 2 M NaCl and centrifuged for 3 min at 7,500 rpm. The final pellet was resuspended in buffer containing 8 M urea and 10 mM Tris-HCl, pH 8.0, and saved as the nuclear matrix fraction.
Immunofluorescence assay. Immunofluorescence assays were performed as previously described (27) . HeLa cells were grown on glass coverslips and fixed in 100% ice-cold methanol. Cells were incubated with BZLF1-specific mouse monoclonal antibody (BZ.1; Santa Cruz), HA-rabbit polyclonal antibody (Santa Cruz), or PML rabbit polyclonal antibody (Santa Cruz) at a 1:25 dilution and then incubated with a 1:50 dilution of Texas Red-conjugated goat anti-mouse antibody and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch, West Grove, PA). Coverslips were mounted with Vectashield Hard Set and visualized using a Nikon A1R confocal microscope.
RESULTS
Z sumoylation occurs primarily on lysine 12. We previously reported that the EBV Z protein is posttranslationally modified by SUMO-1, and that a Z mutant altering amino acid residues 12 and 13 is not sumoylated (2) . However, since Z sumoylation results in the formation of multiple larger forms of Z as detected by immunoblot analysis (2), it is possible that one or more of these larger forms are due to Z sumoylation occurring at more than one lysine residue. To examine the potential contribution of other Z lysine residues, we generated a series of Z mutants in which every lysine in Z was individually mutated to an arginine (R). In the case of ZK12, both ZK12R and ZK12A mutants were constructed. As shown in Fig. 1A , only the Z lysine 12 mutants, ZK12R and ZK12A, were not posttranslationally modified. Furthermore, none of the larger forms of sumoylated Z were significantly reduced by the mutation of lysine residues other than K12. These data indicate that only Z lysine residue 12 substantially contributes to Z sumoylation.
To further confirm that the higher-molecular-weight isoforms of Z represent various different sumoylated forms, the Z protein was transfected into HeLa cells in the presence or absence of a sentrin protease 1 (SENP1) expression vector (Fig. 1A) . In the presence of cotransfected SENP1 (which removes SUMO moieties from proteins) (72), the higher-migrating forms of Z were no longer detected. These results suggest that both of the larger modified forms of Z are conjugated to SUMO and that SENP1 can cleave the SUMO off Z. Threonine 14 is not required for Z sumoylation. Sumoylation has been reported to occur at several consensus motifs, including a phosphorylation-dependent SUMO motif (PDSM) (5) . Although Z does not contain the consensus PDSM sequence (⌿KxExxSP), the threonine located at residue 14 has been shown to be phosphorylated in vivo (23) and could regulate the sumoylation of ZK12. To test this hypothesis, HeLa cells were transfected with expression plasmids encoding either wild-type Z (Z-WT) or the mutant ZT14A. As shown in Fig.  1B , the ZT14A mutant was sumoylated similarly to wild-type VOL. 84, 2010 BZLF1 SUMOYLATION IS REGULATED BY EBV-PK 4385 Z. These data indicate that phosphorylation at ZT14 is not required for the sumoylation of Z. Z is sumoylated by SUMO-1, SUMO-2, and SUMO-3. Sumoylation can be mediated by either SUMO-1 or the closely related isoforms (SUMO-2/3); some proteins are modified only by certain SUMO isoforms (38) . Although our previous studies demonstrated that Z can be sumoylated by SUMO-1, it was unknown whether Z also can be modified by SUMO-2/3. To examine this, HeLa cells were transfected with Z, ZK12A, and ZK12R expression plasmids in the presence or absence of myc-tagged SUMO-1 ( Fig. 2A) , HA-tagged SUMO-2 ( Fig.  2B) , and HA-tagged SUMO-3 (Fig. 2C) . As expected, the conjugation of the myc-tagged SUMO-1 to wild-type Z, but not ZK12A or ZK12R, was detected. SUMO-1 conjugation to the cellular RanGAP1 protein, which migrates at approximately 75 kDa (52, 54), also was detected in SUMO-1-transfected cells. The HA-tagged forms of SUMO-2 and SUMO-3 also complexed with wild-type Z but not the ZK12A and ZK12R mutants. Taken together, these data indicate that Z can be modified by any of the SUMO types at lysine 12.
Sumoylation does not alter Z localization. Sumoylation has been demonstrated to alter the localization of some proteins. Previous studies showed that the Zm12/13 mutant localizes to the nucleus (2), but the subnuclear localization of a sumodefective Z mutant has not been closely examined. To determine if sumoylation affects the subnuclear localization of Z, the locations of wild-type Z and the ZK12 mutants were examined using biochemical fractionation. HeLa cells were transfected with expression plasmids encoding wild-type Z, ZK12A, and ZK12R. Cell lysates subsequently were fractionated to obtain soluble (both cytoplasmic and nuclear), chromatin-associated, and nuclear matrix fractions. As shown in Fig. 3 , both wild-type Z and the Z sumoylation mutants ZK12A and ZK12R were located predominantly in the nuclear matrix fraction. These results suggest that Z sumoylation does not significantly alter Z localization.
To further examine the potential effects of Z sumoylation on its subnuclear localization, we cotransfected HeLa cells with expression plasmids encoding wild-type Z or the ZK12A mutant in the presence or absence of tagged SUMO-1, SUMO-2, or SUMO-3 expression vector and performed immunofluorescence assays 48 h posttransfection. In each case, the wild-type Z and ZK12A proteins were dispersed throughout the nucleus (excluding nucleoli) in the presence or absence of cotransfected SUMO proteins (Fig. 4A and data not shown) . Interestingly, wild-type Z decreased the localization of all three SUMO isoforms within punctate dots in the nucleus, but this effect was partially attenuated with the ZK12A mutant.
Sumo-defective Z mutants are partially defective in dispersing PML bodies. Since SUMO proteins are known to be localized within PML bodies and Z can disperse PML bodies (2), we also analyzed the ability of wild-type and mutant Z proteins to disperse PML bodies. The sumoylation of the PML protein is required for the formation of PML bodies (58, 77) , and wild-type Z (but not the sumo-defective Zm12/13 mutant) was shown previously to compete with cotransfected PML for sumoylation (2) . HeLa cells were cotransfected with wild-type Z, ZK12A, or Zm12/13 expression plasmid with or without a small amount of a PML expression plasmid, and immunofluorescence assays were performed 48 h following transfection (Fig. 4B) . Although the ability of the wild-type and mutant Z proteins to disperse endogenous PML bodies was similar, the ZK12A and Zm12/13 mutants were impaired in the ability to disperse PML bodies when the PML protein was cotransfected with the Z vectors. Similar results were obtained using ZK12R (data not shown). These results suggest that when the amount of Z protein is limiting (relative to the level of PML), the Z sumoylation mutants are partially defective for dispersing PML bodies.
Sumoylation decreases Z transcriptional function. Although the sumoylation of transcription factors often inhibits their ability to activate transcription, sumoylation has the opposite effect in some cases. To determine if Z sumoylation affects Z transcriptional function, reporter gene assays were performed using expression vectors in which the amino acid residues 1 to 167 of the Z, ZK12A, or ZK12R transcriptional domain was fused to the Gal4 DNA binding domain. HeLa cells were cotransfected with the Gal4 fusion constructs and an expression plasmid containing the Gal4 DNA binding site and a minimal E1B promoter driving the expression of the CAT reporter gene (Fig. 5) . The ZK12A and ZK12R transcriptional activation domains functioned in this assay as much stronger transcriptional activators than did the wild-type Z transcriptional activation domain (Fig. 5A ). Immunoblot analysis demonstrated that the wild-type and mutant Z proteins accumulated to similar levels in the cells (Fig. 5B) . Since the Z-gal4 fusion proteins contain only the transcriptional activation domain of Z (and not the Z DNA binding domain), these data suggest that sumoylation decreases Z function as a transcriptional activator.
Sumoylation decreases Z-mediated viral reactivation. In a previous study, the effect of SUMO-1 overexpression on Z function was found to be promoter dependent in reporter gene assays, and the results of the promoter reporter gene assays did not correlate well with the ability of Z to activate these same promoters in the context of the intact viral genome (1). To examine more specifically how the sumoylation of ZK12 affects its ability to activate lytic viral gene expression when SUMO proteins are expressed at normal levels, 293 cells latently infected with an EBV mutant lacking the Z open reading frame (293-ZKO) were cotransfected with limiting amounts of Z, ZK12A, or ZK12R expression plasmid. Immunoblot analysis was performed 48 h posttransfection to measure the amounts of Z and the activated lytic viral proteins, BMRF1 and R. As shown in Fig. 6A , wild-type Z induced less BMRF1 and R expression than did the Z sumoylation mutants ZK12A and ZK12R. Similar results were obtained in the EBV-positive, latently infected Hone-Akata nasopharyngeal carcinoma cell line (Fig. 6B) . Of note, when larger amounts of each Z construct were transfected into 293-ZKO cells or Hone-Akata cells, we found that the wild-type and mutant Z proteins had similar effects on BMRF1 and R expression (data not shown), likely due to limiting amounts of SUMO proteins in the cells. Taken together, these results suggest that the sumoylation of Z decreases its ability to induce lytic viral gene expression in the context of the intact viral genome when SUMO proteins are expressed at endogenous levels and Z protein is limiting.
Z sumoylation is not required for viral replication. A Z mutant altered at both residues 12 and 13 (Zm12/13) previously was reported to be transcriptionally competent but unable to support plasmid-based lytic replication assays (66) . To determine if the alteration of the K12 residue leads to a replication-defective phenotype in the context of the intact viral genome, 293-ZKO cells were cotransfected in parallel with wild-type Z, ZK12A, and ZK12R expression plasmids. Three days posttransfection, virus production was examined using the green Raji cell assay as previously described (41) . As shown in FIG. 2. Z is sumoylated by SUMO-1, SUMO-2, and SUMO-3. HeLa cells were cotransfected with expression plasmids encoding wildtype Z, ZK12A, or ZK12R in the presence or absence of myc-SUMO-1 (A), HA-SUMO-2 (B), or HA-SUMO-3 (C), and cell lysates were prepared 48 h posttransfection for immunoblot analysis. Myc or HA antibodies were used to detect myc-SUMO-1, HA-SUMO-2, or HA-SUMO-3 modifications. Z antibody was used to examine Z expression. ␤-Actin was used as a loading control.
FIG. 3. Sumoylation does not alter Z subcellular localization.
HeLa cells were transfected with expression plasmids encoding wildtype Z, ZK12A, and ZK12R. Forty-eight hours posttransfection, cells were fractionated as described in Materials and Methods to yield soluble, chromatin, and nuclear matrix fractions. Immunoblot analysis was performed to detect Z fractionation using antibody against Z. Antibodies against tubulin, histone H3, and lamin B were used as controls for proper fractionation to detect the soluble, chromatin, and nuclear matrix fractions, respectively. Fig . 7A and B, the ZK12A mutant had a modest increase in virus production compared to that of wild-type Z, while replication mediated by the ZK12R mutant was similar to that of wild-type virus. Similar results were obtained in two separate experiments. In contrast, the Zm12/13 mutant, which previously was reported to be replication incompetent using a plasmid-based lytic replication assay, also was highly impaired for the ability to mediate virus production in 293-ZKO cells, although its ability to transcriptionally activate the early lytic viral protein BMRF1 was similar to that of wild-type Z (Fig. 7C  and D) . These results, while confirming that Zm12/13 is replication defective, show that the sumoylation of Z at lysine 12 is not required for EBV lytic replication. Instead, the Z phenylalanine residue 13 may be important for EBV replication. The relatively minor effect of Z sumoylation on lytic viral replication compared to that of lytic viral gene expression may reflect the partially impaired ability of the ZK12A and ZK12R mutants to disperse PML bodies, as PML dispersion is thought to contribute to the lytic viral replication of other herpesviruses (24) . EBV-PK reduces Z sumoylation. The EBV-encoded protein kinase (EBV-PK) recently was reported to directly interact with and phosphorylate Z at residue 209 and to inhibit the ability of Z to activate its own transcription (6) . Since the phosphorylation of proteins often affects their ability to be sumoylated and the KSHV homologue of EBV-PK has been shown to reduce the sumoylation of the KSHV homologue of BZLF1 (K-bZip) (43), we examined the effect of overexpressed EBV-PK on Z sumoylation. HeLa cells were transfected with wild-type Z or ZK12A in the presence of SUMO-1 (Fig. 8A) , SUMO-2 (Fig. 8B) , or SUMO-3 ( Fig. 8C) with or without an EBV-PK expression plasmid. As shown in Fig. 8A to C, EBV-PK greatly reduced the amount of Z sumoylation mediated by any of the three different SUMO isoforms. In contrast, EBV-PK did not affect the expression of the SUMO proteins or SUMO-1 modification of the cellular RanGAP1 protein (Fig. 8D) . These results suggest that EBV-PK disrupts the sumoylation of Z by SUMO-1, SUMO-2, and SUMO-3.
To determine if EBV-PK expression regulates Z sumoylation in the context of the intact viral genome, we compared the amount of Z sumoylation in 293 cells containing wild-type EBV to that of 293 cells stably infected with an EBV-PK mutant (containing inserted stop codons in the first and fifth residues of the EBV-PK open reading frame). The complete phenotype of the EBV-PK mutant will be described in another manuscript (unpublished data). 293 wild-type or EBV-PKmut cells were transfected with a Z expression plasmid in the presence or absence of a cotransfected EBV-PK expression vector, and the level of Z sumoylation was examined by immunoblot analysis (Fig. 9) . Lytically induced 293 cells containing the EBV-PKmut virus had a higher level of the sumo-modified form of Z (11% of the total Z protein sumo-modified) compared to that of the 293 cells with wild-type EBV, in which the sumo-modified form of Z was difficult to detect. Furthermore, cotransfection with Z and EBV-PK expression plasmids abolished Z sumoylation in the EBV-PKmut cells. Interestingly, we   FIG. 8 . EBV-PK inhibits Z sumoylation. HeLa cells were transfected with various combinations of wild-type Z, ZK12A, EBV-PK, and myc-SUMO-1 (A), HA-SUMO-2 (B), or HA-SUMO-3 (C) expression plasmid, and cell lysates were prepared 48 h posttransfection for immunoblot analysis. Antibody against myc was used to detect myc-SUMO-1 protein, antibody against HA was used to detect the HA-tagged SUMO-2 and SUMO-3 proteins, and antibody against Z was used to examine Z expression. (D) HeLa cells were transfected with EBV-PK and myc-SUMO-1 expression plasmids, and immunoblot analysis was performed on the cell lysates to examine both free SUMO-1 and SUMO-1-modified RanGAP1 levels using an anti-myc antibody. ␤-Actin was used as a loading control for all immunoblots.
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also found that EBV-PK modestly increased the ability of wild-type Z to activate the expression of the R protein from the latent viral genome. These results demonstrate that EBV-PK reduces Z sumoylation in the context of the virus as well as in EBV-negative cells. Z sumoylation is not regulated by phosphorylation of Z residue S209. Since EBV-PK has been reported to phosphorylate ZS209 (6), we next determined if the ZS209 residue modulates Z sumoylation. 293 PKmut cells were transfected with expression plasmids encoding wild-type Z, the ZK12A mutant, or a ZS209A mutant in the presence or absence of an EBV-PK expression plasmid, and the amount of Z sumoylation was examined by immunoblotting. As shown in Fig. 10 , ZS209A was sumoylated similarly to wild-type Z in the absence of cotransfected EBV-PK, and the presence of EBV-PK decreased the level of Z sumoylation to a similar extent in the wild-type and mutant Z constructs. These results suggest that the effect of EBV-PK on Z sumoylation is not directly mediated by phosphorylation at residue S209.
DISCUSSION
The EBV immediate-early Z protein plays an essential role in initiating the switch between latent and lytic EBV infection. Z serves as a transcriptional activator of early lytic viral genes and is required for OriLyt-mediated virus replication. In addition, Z has multiple effects on the host cell environment that are predicted to be advantageous for lytic viral replication, including inhibiting p53 function (75), regulating cell cycle progression (11) , and dispersing PML nuclear bodies (2) . Although it has been shown previously that Z is sumoylated at lysine residue 12 (2), the effect of this sumoylation on Z transcriptional and replication functions has not been well studied.
In this report, we show that Z sumoylation inhibits its function as a transcriptional activator (Fig. 5) and is not required for lytic viral replication (Fig. 7) . Furthermore, we show that the EBV-encoded protein kinase (EBV-PK) reduces Z sumoylation (Fig. 8) and that this effect does not involve the EBV-PKmediated phosphorylation of ZS209 (Fig. 10) . Taken together, our results suggest that Z sumoylation helps to promote viral latency, and that one function of EBV-PK during viral reactivation is to prevent or reverse Z sumoylation.
Sumoylation has been shown to affect the function of various transcription factors in both positive and negative ways, but most commonly sumoylation represses transcriptional function. In this study, we found that the transcriptional activation domain of wild-type Z (fused to the Gal4 DNA binding domain) has less transcriptional activity than the Z sumoylation mutants ZK12A and ZK12R (Fig. 5 ). In addition, we found that the ability of limiting amounts of Z to induce lytic reactivation in EBV-positive cells was enhanced by the mutation of the ZK12 residue (Fig. 6 ). These data all are consistent with the interpretation that the sumoylation of the K12 residue acts to inhibit Z function as a transcriptional activator.
Previous studies examining Z sumoylation were conducted using a Z mutant in which both amino acids 12 and 13 were mutated (Zm12/13). Since this double mutant was reported to be replication incompetent in a transient plasmid-based replication assay (66) , it remained unclear whether the sumoylation of ZK12 is required for lytic viral replication in the context of the intact viral genome. Our results here clearly show that ZK12 sumoylation is not required for viral replication (Fig. 7) . In fact, we found that the sumoylation-deficient ZK12A mutant is modestly increased (compared to wild-type Z) for the ability to induce virus production, which is consistent with its enhanced transcriptional activity (Fig. 5) . Additionally, we have confirmed that the Zm12/13 mutant cannot produce infectious viral particles (Fig. 7) . These results indicate that Z sumoylation at lysine 12 is not required for viral replication, FIG. 9 . Z is more sumoylated in 293 cells infected with a PKdeleted EBV mutant (PKmut). 293 cells stably infected with wild-type or PKmut (293-PKmut) virus were transfected with a wild-type Z expression plasmid with or without an EBV-PK expression plasmid. Immunoblot analysis was performed to determine the amounts of sumo-modified Z, BMRF1, and R. The hypo-and hyperphosphorylated forms of BMRF1 are indicated. As expected, the PKmut cells did not express the hyperphosphorylated form of BMRF1 unless transfected with an EBV-PK expression plasmid (14, 32) . ␤-Actin was used as a loading control. The percentage of Z protein sumo-modified in each condition is indicated; ND indicates that sumo-modified Z was not detectable.
FIG. 10. ZS209 phosphorylation is not required for the EBV-PK inhibition of Z sumoylation. 293-EBV-PKmut cells were transfected with wild-type Z, ZK12A, or ZS209A expression plasmid with or without an EBV-PK expression plasmid. Immunoblot analysis was performed to determine Z and EBV-PK protein levels. Antibody against FLAG was used to detect FLAG-tagged EBV-PK. ␤-Actin was used as a loading control.
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and that amino acid residue 13 plays an important role in Z-induced replication but not in transcriptional activation. We previously showed that wild-type Z disperses PML bodies (2) . Here, we demonstrate that the Z sumoylation mutants ZK12A, ZK12R, and Zm12/13 are partially defective for the ability to disperse PML bodies when the amount of Z protein is limiting compared to the amount of PML protein (Fig. 4) . PML bodies function as an intrinsic antiviral response to infection, and the disruption of PML bodies is thought to be important for herpesvirus replication (24) . The relatively modest increase in viral production mediated by the Z sumo-defective K12A and K12R mutants, given the ability of these mutants to increase Z transcriptional function, may reflect their partially impaired ability to disperse PML bodies.
The three members of the SUMO family, SUMO-1, SUMO-2, and SUMO-3, all are able to covalently modify lysine residues on a variety of proteins. The results in this paper indicate that Z can be sumoylated by all three SUMO members, and that lysine 12 is the only lysine required for Z sumoylation ( Fig. 1 and 2 ). Since multiple different SUMO-2/3 proteins can be attached to a single lysine residue, we speculate that the larger forms of sumo-modified Z reflect the attachment of more than one SUMO-2/3 to Z; these larger forms also may contain SUMO-1. Alternatively, since some proteins have been shown to be modified simultaneously by both sumoylation and ubiquitination at a single lysine (71), the larger sumo-modified forms of Z could be ubiquitinated as well. Nevertheless, our finding that the overexpression of the sentrin protease 1 (which specifically cleaves SUMO moieties from proteins) prevents all of the various different forms of sumo-modified Z (Fig. 1) suggests that each of the higherweight forms of sumo-modified Z depends upon at least one SUMO moiety being attached to K12. At present, it is unclear whether SUMO-1 has a different effect on Z function than does SUMO-2/3.
The sumoylation of Z is unusual in a number of respects. Although Z sumoylation is relatively efficient in some cell types (including HeLa), sumoylation usually occurs at the consensus sequence ⌿KXE, with ⌿ representing a hydrophobic amino acid followed by a lysine (K), any amino acid (X), and a glutamate (E) (5). The amino acid region of Z that is sumoylated encodes VKFT and does not conform to the ⌿KXE sumoylation consensus sequence. Although most sumoylated proteins also contain a SUMO-interacting domain (SID), allowing them to interact directly with SUMO proteins, the Z sequence does not have an obvious SID. It currently remains unknown if a direct interaction between Z and SUMO proteins (mediated though some other part of Z) is required for the sumoylation of ZK12. In addition, the SUMO E3 ligase responsible for sumoylating Z has not yet been identified.
Similarly to the sumo-mediated repression of cellular transcription factors, in which the steady-state sumoylation level usually is less than 5% (30), we found that only a small portion of Z is sumo-modified on immunoblot analysis, yet this modification appears to inhibit Z transcriptional function. It has been hypothesized that sumoylated transcription factors recruit repressive factors to promoters and induce chromatin remodeling that results in decreased gene expression even when the transcription factor is no longer sumoylated (30, 38) . Therefore, only a small percentage of Z may need to be sumoylated to inhibit Z function and promote viral latency.
Although sumoylation affects the cellular localization of some proteins, in this study we did not find that the wild-type Z has a different cellular localization from that of the sumodeficient ZK12 mutants (Fig. 3) . Interestingly, we found that the vast majority of Z in HeLa cells is localized to the nuclear matrix. The nuclear matrix has been shown to be a site for DNA replication as well as transcription, and the localization of transcription factors in the nuclear matrix can, in some cases, enhance their function by promoting access to transcriptional machineries (19) . Given that the vast majority of Z resides within the nuclear matrix, it will be interesting to determine if any of the EBV promoters activated by Z contain matrix localization sequences that allow them to preferentially locate in the nuclear matrix as well. The simultaneous localization of the Z protein and Z-responsive EBV promoters to the nuclear matrix might allow limiting amounts of Z to preferentially interact with key viral target promoters rather than irrelevant ZREs in the cellular genome.
Finally, we also show here that Z sumoylation is inhibited by the virally encoded kinase EBV-PK. EBV-PK previously has been shown to bind to and phosphorylate the Z protein (6) . We show that overexpressed EBV-PK rather dramatically reduces Z sumoylation mediated by SUMO-1, SUMO-2, or SUMO-3 ( Fig. 8) , but that this effect does not require the one residue in Z previously shown to be phosphorylated by EBV-PK, residue 209 (Fig. 10) . EBV-PK does not inhibit the sumoylation of the cellular RanGAP1 protein, indicating that the effect is specific to Z. Importantly, we show that Z sumoylation is greatly enhanced in 293 cells infected with an EBV mutant missing the EBV-PK protein compared to cells infected with the wild-type virus, thus confirming that EBV-PK functions to inhibit Z sumoylation in the context of the intact viral genome (Fig. 9) . Thus, EBV-PK likely alters Z function through more than one mechanism. In addition, our results suggest that EBV-PK regulates one or more cellular proteins involved in Z sumoylation, including the proteins that mediate Z sumoylation (such as Ubc9 and the as-yet-unknown E3 ligase) or the protein(s) that reverses Z sumoylation (such as the SUMO isopeptidases). Alternatively, the EBV-PK phosphorylation of a Z residue other than 209 may contribute to the loss of Z sumoylation. Although the mechanism by which EBV-PK decreases Z sumoylation currently remains unclear, our results suggest that one of the roles of EBV-PK during lytic viral reactivation is to prevent Z sumoylation and, thus, enhance its function as a transcriptional activator.
